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The production of many crop species is dependent on fungi-
cides to control diseases. Evolved resistance is a significant threat 
to the efficacy of current fungicides and the optimization of 
tactics to extend their useful life is a priority. The effectiveness of 
mixtures of two or more different modes of action as a fungicide 
resistance management method is subject of an extensive 
discussion since the late 1970s. Some authors favor mixtures, 
while others have largely dismissed mixtures as a resistance 
management tactic (2,53). The development of sound resistance 
management tactics requires exploration of the validity of these 
contrasting views. In this review we ask whether it is possible to 
draw generic conclusions or whether different situations require 
different tactics? 
Resistance management methods are urgently discussed when 
new resistances are discovered and when a new mode of action is 
introduced. Unfortunately, in discussions on resistance manage-
ment, it is often not explicit what the evidence is. In this review 
we present an overview of the existing evidence on mixtures as a 
method to prevent or delay the development of fungicide 
resistance. We will also identify the evidence that is missing 
currently. 
There are four main reasons for considering the use of mixtures 
in a fungicide application program (5). 
   1. Broadening the spectrum. Pathogens are differentially 
sensitive to different active substances. If a spray program 
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ABSTRACT 
van den Bosch, F., Paveley, N., van den Berg, F., Hobbelen, P., and Oliver, R. 2014. Mixtures as a fungicide resistance management tactic. 
Phytopathology 104:1264-1273. 
We have reviewed the experimental and modeling evidence on the use of mixtures of fungicides of differing modes of action as a resistance 
management tactic. The evidence supports the following conclusions. 
1. Adding a mixing partner to a fungicide that is at-risk of resistance (without lowering the dose of the at-risk fungicide) reduces the rate of 
selection for fungicide resistance. This holds for the use of mixing partner fungicides that have either multi-site or single-site modes of action. 
The resulting predicted increase in the effective life of the at-risk fungicide can be large enough to be of practical relevance. The more effective 
the mixing partner (due to inherent activity and/or dose), the larger the reduction in selection and the larger the increase in effective life of the 
at-risk fungicide. 
2. Adding a mixing partner while lowering the dose of the at-risk fungicide reduces the selection for fungicide resistance, without compromising 
effective disease control. The very few studies existing suggest that the reduction in selection is more sensitive to lowering the dose of the 
at-risk fungicide than to increasing the dose of the mixing partner. 
3. Although there are very few studies, the existing evidence suggests that mixing two at-risk fungicides is also a useful resistance management 
tactic. 
The aspects that have received too little attention to draw generic conclusions about the effectiveness of fungicide mixtures as resistance 
management strategies are as follows: (i) the relative effect of the dose of the two mixing partners on selection for fungicide resistance, (ii) the effect 
of mixing on the effective life of a fungicide (the time from introduction of the fungicide mode of action to the time point where the fungicide can 
no longer maintain effective disease control), (iii) polygenically determined resistance, (iv) mixtures of two at-risk fungicides, (v) the emergence 
phase of resistance evolution and the effects of mixtures during this phase, and (vi) monocyclic diseases and nonfoliar diseases. The lack of studies 
on these aspects of mixture use of fungicides should be a warning against overinterpreting the findings in this review. 
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aims to control two or more pathogens it can, from a disease 
control viewpoint, be useful to spray mixtures of fungicides. 
   2. Improved disease control. Adding a mixing partner may 
improve the control of a pathogen. 
   3. As an insurance against resistance. Mixtures may be used 
as insurance against failure of one of the mixture com-
ponents. If the pathogen to be controlled develops resistance 
to one of the mixture components, the other fungicide (of a 
different mode of action) can ensure that effective control is 
maintained. 
   4. Resistance management. Mixtures are frequently advocated 
as a resistance management tactic, i.e., specifically to extend 
the effective life of a fungicide by slowing the rate of 
evolution of resistance in the pathogen population. 
In this review we exclusively discuss the use of mixtures for 
resistance management. Hence, what we present here is only one 
aspect of what needs to be considered when the use of mixtures is 
discussed. 
In a recent review (63) we have shown that there is a simple 
governing principle that we have found to be a good predictor of 
whether particular resistance management tactics are likely to be 
effective. The determinant of effectiveness is whether a tactic 
reduces the selection coefficient and exposure time 
ݏܶ = (ݎௌ −	ݎோ)ܶ (1) 
where s = rS – rR is the selection coefficient, rS and rR are the 
intrinsic rate of increase of the sensitive and the resistant strain, 
respectively (40), and T is the time the pathogen is exposed to the 
fungicide. The intrinsic rate of increase is the net increase in 
pathogen density per cycle of infection per pathogen lesion. We 
will loosely describe this parameter as the epidemic growth rate. 
In population genetics, the fitness of a pathogen strain is defined 
as the intrinsic rate of increase, r, of that pathogen strain (13). The 
selection coefficient provides a measure of the increase in the 
resistant strain, as a fraction of the total pathogen population, per 
cycle of infection, and is related (nonlinearly) to the period of 
time that a new mode of action will remain effective. Here, we 
use the governing principle of selection coefficient and exposure 
time to explore resistance management using mixtures, and 
compare the results with published experimental evidence. 
INSIGHTS FROM THE GOVERNING PRINCIPLE 
The effectiveness of mixtures as a resistance management tactic 
is affected by the doses of the mixture components. Calculation of 
the selection coefficient, s, in a mixture of an at-risk fungicide 
and a mixing partner gives some initial insight into the effect of 
dosages on the rate of selection for fungicide resistance. If the 
density of the resistant strain is low, the sensitive strain is the key 
determinant of disease control. The growth rate of the sensitive 
strain, rS, then is a measure of the increase in disease severity. We 
use this growth rate as a measure of the level of disease control 
achieved by the fungicide applications. We assume, as the 
simplest case, that the resistant strain is completely resistant to the 
at-risk fungicide, suffers no fitness cost (in the absence of any 
fungicide), and that the mixing partner has the same effect on the 
fitness of both strains. Thus, 
ݎௌ = 	ݎθ(ܦெ)	α(ܦ஺) (2) 
ݎோ = 	ݎθ(ܦெ)	 (3) 
where r is the fitness of the strains in the absence of the 
fungicides, DA is the dose of the at-risk fungicide, DM is the dose 
of the mixing partner, θ(DM) is the fractional reduction of the 
fitness of the sensitive strain when using dose DM of the to-be-
protected fungicide, and α(DA) is the fractional reduction of the 
fitness of both the sensitive and the resistant strain when using 
dose DA of the mixing partner. Note that we modeled the effect of 
the fungicides as multiplicative, to represent each fungicide acting 
independently on the intrinsic rate of increased. As dose response 
curves we use exponentially decreasing fitness with dose with a 
lower asymptote, as this curve fits currently published dose 
response curves from field experiments. We thus have 
θ(ܦெ) = 1 − θ୫ୟ୶(1 − ݁ି௞ಾ	஽ಾ) (4) 
α(ܦ஺) = 1 − α୫ୟ୶	(1 −	݁ି	௞ಲ	஽ಲ) (5) 
Substituting these gives the dependence of the selection 
coefficient on the dose of the at-risk fungicide and the mixing 
partner 
ݏ(ܦ஺, ܦெ) = ݎ ሼ1 − θ୫ୟ୶(1 − ݁ି௞ಾ	஽ಾ)ሽሼα୫ୟ୶	(1 − ݁ି ௞ಲ ஽ಲ)ሽ (6) 
and as rate of epidemic increase 
ݎௌ = ݎ ሼ1 − θ୫ୟ୶(1 − ݁ି௞ಾ ஽ಾ)ሽሼ1 −	α୫ୟ୶	(1 − ݁ି ௞ಲ ஽ಲ)ሽ (7) 
Figure 1 shows the effect of the dose of the at-risk fungicide and 
the dose of the mixing partner on the selection coefficient and on 
the growth rate of the epidemic. The lines in the graph are contour 
lines for values of the selection coefficient, s, and the epidemic 
growth rate, rS. Both are expressed as fractions of the fitness of 
the pathogen population in the absence of the fungicides, r. 
The figure shows that increasing the dose of the mixing partner 
(arrow 1) decreases the selection for fungicide resistance and 
increases the control of the pathogen (i.e., decreases the rate of 
epidemic growth). It is also possible to decrease the selection for 
fungicide resistance by decreasing the dose of the at-risk fungi-
cide (arrow 3), though this would decrease the level of pathogen 
control. The effect of dose on selection has been determined (63, 
64). The figure also shows that it is possible to increase the dose 
of the mixing partner, decrease the dose of the at-risk fungicide 
(arrow 2) and maintain disease control while decreasing the 
selection for fungicide resistance. In the next sections we focus on 
arrow 1 and arrow 2 in more detail and compare predictions 
against published evidence for polycyclic diseases (we consider 
monocyclic diseases in Box 1). 
THE EXPERIMENTAL EVIDENCE 
Adding a mixing component to an at-risk fungicide (arrow 1). 
Whether adding a mixing partner to an at-risk fungicide to which 
resistance is developing without reducing the dose of the at-risk 
fungicide is a valid resistance management tactic has been the 
subject of intensive discussions since the 1970s. The discussion 
initially involved modeling studies. Several researchers have 
suggested that “mixing only reduces the build-up of pesticide 
resistance by reducing the required dose of the pesticides that are 
mixed” (2). Others suggested that arrow 1 is a valid resistance 
management method. Over the last few decades sufficient experi-
mental studies have been published to allow a test of these contra-
dictory views. Relevant studies have been reported (3,4,8,9,11, 
15,16,18,20–22,24,30,31,35,37–39,41–43,46–49,57–59). In our 
analysis we separate studies with mixing partners that are multi-
site acting from mixing partners that are single-site acting 
fungicides. In the former case, the risk of resistance in the mixing 
partner can be largely discounted, whereas single-site fungicide 
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mixing partners are also at-risk. The results are given in Online 
Appendix 2, but a summary is provided below. (Note: the dose of 
the fungicide against which the development of resistance is 
measured is not changed in these treatments.) 
   •  Mixing partner is a multi-site fungicide. We found 17 publi-
cations with a total of 27 pathogen-crop-fungicide mixtures 
tested for their effect on fungicide resistance selection 
compared with the use of the at-risk solo fungicides. Of these 
27 combinations, 24 showed reduced selection for fungicide 
resistance in the at-risk fungicide when used in mixture. 
   • Mixing partner is a single-site fungicide. We found 17 publi-
cations with a total 24 pathogen-crop-fungicide mixtures 
tested for their effect on the selection of resistance. In 20 
cases the mixture delayed the build-up of resistance com-
pared with the use of the at-risk fungicide as a solo product. 
The extensive experimental evidence thus shows that adding a 
mixing component to an at-risk fungicide, not changing the dose 
of the at-risk fungicide, does reduce the selection for fungicide 
resistance. There is no difference between mixing with a multi-
site mixing partner and mixing with a single-site mixing partner 
to which no resistance is developing. With a total of 50 experi-
ments of which 86% show a reduced selection for fungicide 
resistance in a mixture even though the dose of the at-risk fungi-
cide is not reduced, we conclude that the evidence suggests that 
this is a valid resistance management method in many cases. Only 
one experiment found an increased selection in the mixture. We 
refer to Box 2 for a discussion of this case. We also refer to Box 1 
for a discussion on monocyclic pathogens. 
Adding a mixing component and lowering the dose of the 
at-risk fungicide (arrow 2). Lowering the dose of the at-risk 
fungicide in a mixture may compromise effective control. How-
ever, our study of the selection coefficient (Fig. 1) predicts that it 
should be possible to combine mixing and dose reduction in such 
a way that effective control is not compromised. We have found 
13 papers that discuss this scenario, summarized in Online 
Appendix 3 (7,17,18,29,31,35,44,46,48,49,55,59,66). The com-
parison is between the selection for fungicide resistance imposed 
by the use of the at-risk fungicide as solo product at the initial 
dose and the mixture with the reduced dose of the at-risk 
fungicide. 
   • Mixing partner is a multi-site fungicide. A total of eight 
publications with 11 pathogen-crop-fungicide cases have 
been studied. In eight cases it was found that the mixture 
delays the selection for fungicide resistance in the at-risk 
fungicide compared with using the at-risk fungicide as pure 
product. In six of the eight publications the disease severity 
was measured during the experiments and in all cases 
effective control was similar in the solo use and the mixture 
treatment. 
   • Mixing partner is a single-site fungicide. We found six 
publications with a total of nine pathogen-crop-fungicide 
mixtures tested. In seven cases the selection for fungicide 
resistance of the at-risk fungicide was reduced by the mix-
ture. In all studies the authors confirm that disease control 
was at a similar level as in the solo product treatment. 
The experimental evidence substantiates the predictions from 
the selection coefficient (Fig. 1). Both adding a mixture partner 
and reducing the dose of the at-risk fungicide will reduce selec-
tion (Box 2 provides discussion on the exceptions). It is possible 
to decrease the dose of the at-risk fungicide, maintain the level of 
control, and decrease the selection for fungicide resistance (arrow 
2 in Fig. 1). We stress here however that for each mixture that 
may enter the market, field experiments are needed to prove that 
effective control will not be compromised. 
FIGURE 1 
The selection coefficient, s, expressed as a fraction 
of the intrinsic rate of increase, r, as dependent on 
the dose of the at-risk fungicide and the dose of the 
mixing partner. The rate of epidemic increase, rS, 
expressed as a fraction of the intrinsic rate of 
increase, r, as dependent on the dose of the to-be-
protected fungicide and the dose of the mixing 
partner. Parameter values used are as follows: kM = 
kA = 2, αmax = 0.95, θmax = 0.75. The three arrows 
represent options for changing the doses of the two 
fungicides (text provides further explanation). 
 
FOOTNOTE: In fact, fungicides do not directly affect the
intrinsic rate of increase, r, of the pathogen strains, but rather
affect the life-cycle parameters of the pathogen such as
infection efficiency, latent period, spore production rate, and 
infectious period. These life-cycle parameters form the
fundamental building blocks of the intrinsic rate of increase. In
Online Appendix 1 we show that qualitatively the same results
emerge when we model the effect of the fungicides on life-
cycle parameters and use these to calculate the consequences
for the intrinsic rate of increase. 
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Further evidence on dose of the mixing components. We 
have shown that adding a mixing partner to an at-risk fungicide to 
which resistance is developing will reduce the rate of selection for 
fungicide resistance. Does this imply that the larger the dose of 
the mixing partner, the larger the reduction in selection for 
resistance? This question is of importance in making decisions on 
dose of the mixing components when developing mixtures. There 
are only four papers (Online Appendix 4 [3,16,21,37]) that esti-
mate the frequency of resistance for sprays with mixtures with 
different dosages of the mixing partner. These papers study, in 
total, nine pathogen-fungicide-mixing partner combinations. Al-
though the amount of evidence is small all experiments suggest 
that increasing the dose of the mixing partner decreases the 
selection for fungicide resistance. Very likely this further decrease 
with increasing dose will be limited by the dose response curve 
approaching its limiting value, but clearly all experiments were 
done with dosages below such values. In the next section we will 
return to this topic when describing model studies. 
What has a larger effect on selection for fungicide resistance, 
increasing the dose of the mixing partner or decreasing the dose 
of the at-risk fungicide? Obviously when we decrease the dose of 
the at-risk fungicide disease control efficacy decreases, and when 
increasing the dose of the mixing component disease control 
efficacy (and cost) increases. We thus have to make sure that 
changing the doses in the mixture does not compromise effective 
control. Figure 1 clearly shows that the answer depends on the 
dosage of both fungicides. Further exploration of equation 6 
shows that the shape of the dose response curve also affect 
whether reducing the dose of the at-risk fungicide or increasing 
the dose of the mixing partner has the larger effect on reducing 
BOX 1
Monocyclic versus polycyclic pathogens. In this box we consider a possible difference between mono- and polycyclic pathogens in the 
effect on selection for fungicide resistance of adding a mixing partner to an at-risk fungicide. The selection coefficient, defined as the 
difference in the exponential growth rates of the resistant and the sensitive strain, is derived from a model where pathogen generations 
overlap due to the continuous reproduction and continuous death of lesions. Thus, the simple model mimics a polycyclic pathogen. In this 
case adding a mixing partner to an at-risk fungicide is expected to reduce the rate of selection for fungicide resistance. More detailed 
models for polycyclic pathogens, such as discussed in Online Appendix 1 and in the model by Hobbelen et al. (27), suggest the same 
conclusion. Does this conclusion also hold for monocyclic pathogens? 
If we denote by PS,n and PR,n the density of the sensitive and the resistant strain in generation n, the equivalent of the exponential growth 
model, equations 1.1 and 1.2, for a discrete time model are 
ௌܲ,௡ାଵ = 	ܴ଴ௌ	 ௌܲ,௡ (1.1) 
ோܲ,௡ାଵ = 	ܴ଴,ோ	 ோܲ,௡ (1.2) 
where R0S and R0R are the net-reproductive number of the sensitive and the resistant strain, respectively. The net-reproductive number is 
the number of daughter lesions per mother lesion when availability of susceptible host is not limiting (62 provides an introduction to this 
topic). The frequency of resistance in generation n + 1, ρn, is calculated from 
ߩ௡ାଵ = 	
ܴ଴ோ	 ோܲ௡
ܴ଴ௌ	 ௌܲ௡ 	+	ܴ଴ோ ோܲ௡ (1.3) 
The at-risk fungicide affects the net-reproduction number of the sensitive strain and the mixing partner affects the net-reproductive number 
of both pathogen strains. We can then write 
ܴ଴௦ = 	ܴ଴θ(ܦெ)	α(ܦ஺) (1.4) 
ܴ଴ோ = 	ܴ଴θ(ܦெ) (1.5) 
where R0 is the net-reproductive number of both strains in the absence of fungicide use, θ(DA) is the fractional reduction of the net-
reproduction of the sensitive strain when using dose DA of the to-be-protected fungicide, and α(DM) is the fractional reduction of the net-
reproduction of both the sensitive and the resistant strain when using dose DM of the mixing partner. Substituting equations 1.4 and 1.5 into 
equation 1.3, we find 
ߩ௡ାଵ = 	
ܴ଴θ(ܦெ)	 ோܲ௡
ܴ଴θ(ܦெ)α(ܦ஺)	 ௌܲ௡ 	+ 	ܴ଴θ(ܦெ)	 ோܲ௡ =
ܴ଴ ோܲ௡
ܴ଴α(ܦ஺) ௌܲ௡ + ܴ଴ ோܲ௡ (1.6) 
From which we see that the effect of the mixing partner cancels out, implying the that mixing partner has no effect on selection for
resistance and we conclude that, in our simple model for a monocyclic pathogen, adding a mixing partner to an at-risk fungicide does not 
reduce the selection for resistance. 
The reason for the difference between the polycyclic and the monocyclic pathogens is that in the polycyclic case several pathogen 
generations live at the same moment and each generation has been under a different selection history, with ‘’older’’ generations having 
experienced less selection than ‘’younger’’ generations. This can be seen by calculating, using equations 1.1 and 1.2, two sequential 
generations. Then, assuming that a fraction µ of the first generation survives and lives at the same time as the second generation it is easily 
seen that the effect of the mixing partner no longer cancels out from the calculation of the frequency of resistance. 
The reasoning above suggests that adding a mixing partner to an at-risk fungicide may not reduce selection for monocyclic species. 
Interestingly, the only experiment on mixing using Pseudocercosporella herpotrichoides causing eyespot disease in wheat (24) suggests 
that adding a mixing partner does reduce selection. 
We conclude that there is an urgent need to develop models and conduct resistance experiments on monocyclic pathogens, because the 
effect of fungicide mixtures on selection for resistance may or may not be different from the effect of mixing in polycyclic species. 
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the selection rate (data not shown). Hence, optimizing doses of 
mixtures remains a matter of case-by-case study. 
There are four papers describing field experiments with treat-
ments reducing the dose of the at-risk fungicide as well as 
increasing the dose of the mixing partner (Online Appendix 5 
[30,31,37,42]). These papers describe six pathogen-fungicide-
mixing partner combinations. Generally these experiments in-
volve the full dose of the at-risk, with a full dose of the mixing 
partner or a full dose of the at-risk plus a half or a full dose of the 
mixing partner. 
All six pathogen-fungicide-mixing partner combinations show 
that reducing the dose of the at-risk fungicide reduces the selec-
tion for resistance more than increasing the dose of the mixing 
partner. All these experiments relate to field relevant treatment 
programs. The evidence base is quite small, so we cannot con-
clude that reducing the dose of the at-risk fungicide is the more 
effective resistance management tactic. More work in this area is 
needed and it may very well turn out to be a question that needs 
to be studied on a case-by-case basis. 
FROM QUALITATIVE TO QUANTITATIVE ANALYSIS 
Is the reduction in selection large enough to matter? The 
discussion so far has described consistent qualitative trends re-
lating to mixing per se, mixing multi-site or single-site fungi-
cides, and the relative doses of the two fungicides. We now 
address whether the reduction in selection for fungicide resistance 
from the use of mixtures is large enough to be of practical relevance. 
The reduction in selection for resistance certainly depends on 
the crop-pathogen-fungicide combination and so the practical 
relevance will require case-by-case studies. How can we quantify 
the delay in the build-up of resistance? Measurements of 
selection, the selection coefficient, or a related quantity, from 
field experiments or model studies gives some insight, but it does 
not tell us how much more durable the effective disease control 
from an at-risk fungicide will be due to using it in a mixture. To 
be relevant, mixtures must increase effective disease control by at 
least one growing season. We therefore need to measure the 
success of a resistance management method in terms of years of 
effective disease control after the fungicide is introduced (25–
27,60,61). The models calculating the number of years of 
effective disease control (25–27,60) were parameterized for 
Mycosphaerella graminicola on winter wheat, and the fungicides 
pyraclostrobin as the at-risk fungicide and chlorothalonil as the 
mixing partner. Here we have done additional calculations with 
two different dose response curves for the mixing component 
(Fig. 2), one for chlorothalonil and one representing a hypo-
thetical mixing partner with a lower disease control efficacy. The 
findings are summarized in Tables 1 and 2. 
Adding a mixing component to an at-risk fungicide,  
arrow 1. As found in the experimental evidence discussed earlier, 
the model calculations show that adding a mixing partner to an at-
risk fungicide without lowering the dose of the at-risk fungicide 
reduces selection for resistance (Table 1). Moreover, the results 
show that the larger the dose of the mixing partner the further the 
selection coefficient is reduced, as was also found in the few 
papers presenting experimental evidence on this. Comparing the 
reduction of selection for resistance between mixing with 
chlorothalonil and mixing with a lower efficacy fungicide clearly 
shows that a mixing partner with lower efficacy is less effective in 
lowering the rate of selection for fungicide resistance. 
The calculations of the effective life of the mixtures show that a 
reduced rate of selection goes paired with an increased effective 
life; using a mixing partner can increase the effective life of an at-
risk fungicide by several years. 
Two key conclusions thus are that to reduce the rate of selection 
for fungicide resistance and thereby increase the effective life of a 
fungicide we need to (i) use the highest possible dose of the 
mixing partner, and (ii) use the mixing partner that has the highest 
disease control efficacy. However, see the next section where two 
at-risk fungicides are mixed in the scenario where resistance is 
developing against both. Hence, using a mixing partner that is 
subject to significant resistance and correspondingly poor efficacy 
is not a useful resistance management tactic. This in turns means 
that the development of resistance to each active ingredient must 
be monitored on an ongoing basis. 
Adding a mixing partner and lowering the dose of the at-
risk fungicide, arrow 2. The last columns of Tables 1 and 2 show 
that introducing a mixing partner and reducing the dose of the at-
risk fungicide can further increase the effective life of the at-risk 
fungicide while maintaining effective control. Therefore, we can 
conclude that at least for the crop-pathogen-fungicide cases con-
sidered it may be possible to reduce the dose of the at-risk 
fungicide and therewith maximize the effectiveness of mixing as a 
resistance management tactic. 
We note here, however, that there is only one modeling study 
on the practical consequences of using mixtures as a resistance 
management tactic. There is clearly a need for more studies to in-
vestigate the effect of mixtures on the effective life of fungicides. 
MIXING TWO AT-RISK FUNGICIDES 
An important question not answered so far is whether mixing 
two at-risk fungicides, against each of which resistance is de-
veloping or can develop, is a useful resistance management tactic. 
This is a highly relevant question as there are only a handful of 
multi-site, low-risk fungicides and these are generally of lower 
BOX 2 
A closer look at the exceptions. In this box we discuss the
two cases that contradict the predictions from the governing
principle coefficient. Köller and Wilcox (35) studied the effect of
mixtures on the selection for fenarimol resistance in Venturia 
inaequalis (causal organism of apple scab). Resistance to
fenarimol is polygenically determined in Nectria haematococca
var. cucurbitae with at least nine loci involved (33) and there are
phenotypes known that show a reduced uptake of fenarimol in
Aspergillus nidulans (14). There are strains with low and with
high levels of resistance. Secondly, McGee and Zuck (44)
studied the effect of mixtures on the selection for benomyl
resistance in the same pathogen species. High levels of resis-
tance are conferred by a single gene mutation (34) but there are
also low resistance strains known (34,56). The genetics of the
low resistance strains is not known but might be related to
efflux pump mechanisms. 
We have shown previously (64) that low resistance levels/
partial resistance may be associated with dose response curves
of the resistant and the sensitive pathogen strains that con-
verge at higher dose. If this is the case it is possible that the
selection for fungicide resistance is lower at high dose than at
low fungicide dose. The two cases may be examples of this
mechanism. There are however no data available for any
fungicide–pathogen combination that allow us to see if dose
response curves converge within the range of doses permitted.
We have discussed (64) that research in this area is urgently
needed because it may, in some cases, have consequences for
resistance management. We reiterate here the need for ex-
perimental and modeling work on the existence of converging
dose response curves for cases where the pathogen has
partially resistant strains. 
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efficacy than single-site acting fungicides. Hence, for example, 
the new SDHI fungicides are being introduced in mixtures with 
triazoles (12,54). There are two opposing forces to consider here. 
We have shown that adding a mixing partner B to an at-risk 
fungicide A will slow down the selection for resistance to A. 
However, adding an at-risk mixing partner B creates selection 
pressure for resistance against B. The question thus is whether the 
gain, in terms of slowing down selection, from adding an at-risk 
fungicide to the spray program outweighs the loss of putting an 
additional fungicide at risk of resistance. 
We have found four papers on experimental work studying the 
development of resistance when the pathogen develops resistance 
to both mixing components and the selection is measured for both 
(4,39,57,65). Of these, the experiment presented by Zhang et al. 
(65) did not include the control in which the fungicides were used 
as solo active substance and can therefore not answer our 
questions. 
   • Brent et al. (4) measured the concurrent selection for resis-
tance to tridemorph and to ethirimol by barley powdery 
mildew (Blumeria graminis f. sp. hordei). Comparing the 
selection by solo tridemorph with ethirimol plus tridemorph 
showed that the mixture had a lower selection rate for 
tridemorph resistance. 
   • Lorenz et al. (39) compared mixtures and solo use of 
fenpropimorph and triadimenol for wheat powdery mildew 
(Blumeria graminis f. sp. tritici). They showed a lower rate 
of resistance selection for resistance to either component by 
the mixture than the solo applications. 
   • Thygesen et al. (57) showed that mixing reduces the selec-
tion for both pyroclostrobin and epoxiconazole resistance in 
M. graminicola of wheat. 
Though the number of applicable studies is only three, they all 
show that mixing two at-risk fungicides slows down the selection 
for resistance in both fungicides. However, these experiments did 
not address the net effect of putting a second fungicide at risk, as 
discussed above. 
The work developed by Hobbelen et al. (27) is the only 
modeling study to assess the effective life of a mixture of two at-
risk fungicides compared with solo use of these fungicides (on 
different fields at the same time) and sequential use (where use of 
one fungicide is delayed until the end of the other fungicide’s 
effective life). Shaw (52), who also studied the development of 
resistance to two at-risk fungicides, did not compare selection due 
to solo product use with mixture use but compared mixture versus 
alternation. There are different scenarios to be considered here: (i) 
the pathogen population consists of three strains: a wild-type 
sensitive, a type resistant to fungicide A, and a type resistant to 
fungicide B; and (ii) the pathogen population consists of four 
strains, a wild-type sensitive, a type resistant to A, a type resistant 
to B, and a strain resistant to A and B. 
Hobbelen et al. (26) only considered the second scenario. They 
modeled two sets of fields interconnected by spore exchange 
between crop growing seasons (the model was parameterized for 
M. graminicola in wheat, but such spore exchange between 
seasons is characteristic for a much broader range of foliar 
pathogens). Each set of fields could receive a different spray 
program. Two fungicides of different modes of action were 
available to control the pathogen and the pathogen evolved re-
sistance to both. Hobbelen et al. (26) then compared the effective 
life of the two fungicides when used as a mixture of the fungi-
cides with the use of the solo fungicides each on half of the fields 
(concurrent use). We also calculated (not in the publication) the 
effective life for sequential use in which one of the products is 
withheld from use, the other product used as solo product until its 
effective life is ended and then introducing the other fungicide 
(sequential use). They allowed the dose to be chosen in each case 
separately such that the effective life of the fungicides was 
maximized. 
Key conclusions from this modeling study were that mixing 
two at-risk fungicides always gave an equal or higher effective 
fungicide life compared with either concurrent or sequential use 
of the solo products. Thus, mixing two at-risk fungicides is a 
useful anti-resistance management method. The difference in the 
maximum effective life between the mixture and the concurrent 
use tactic decreased when the frequency of the double resistant 
strain at the start of a treatment tactic decreased. The difference in 
FIGURE 2 
The dose response curves for pyraclostrobin-
sensitive strains and for chlorothalonil and a 
hypothetical mixing partner with a lower efficacy 
than chlorothalonil. 
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the maximum effective life between the mixture and the con-
current use tactic increased with increasing fitness costs of 
resistance and increasing sensitivity of the resistant strains to the 
high-risk fungicides. The maximum effective life of the mixture 
tactic was usually obtained by applying both high-risk fungicides 
at dose rates that provided just enough control of a severe 
epidemic and that resulted in an approximately equal selection 
pressure on both single resistant strains. 
In summary, we can say that the available evidence suggests 
that mixing two at-risk fungicides is a useful resistance man-
agement tactic in the case where a strain resistant to both fun-
gicides is present in the pathogen population, but that the number 
of studies on which this conclusion is based is too small to 
warrant generalization and the scale of the increased effective life 
is not always clear. The subject of mixtures of two at-risk fungi-
cides is in need of further work. In Box 3 we also discuss a 
hypothetical situation in which two at-risk fungicides applied as 
mixture on a sexually reproducing pathogen may lead to the use 
of high dose strategies. 
RESISTANCE EMERGENCE 
So far we have discussed the situation where resistance is 
present in the pathogen population and is selected for by the use 
of fungicides; the selection phase (61). When a new fungicide 
mode-of-action is introduced, if no target-site resistant strains are 
present in the pathogen population, resistance has to emerge 
through mutants derived from the sensitive population. Once a 
resistant mutant has built up a subpopulation that is large enough 
not to die out due to demographic stochasticity, the resistant strain 
is said to have emerged (emergence phase, 61). The time between 
the introduction of the fungicide mode-of-action and the moment 
the subpopulation is large enough not to die out by chance is 
termed the emergence time (28). 
The importance of the emergence phase is currently unknown. 
No data are available on pre-existence of resistance in the field. It 
is however of key relevance to develop an understanding of the 
relevance of the emergence phase and the effect of resistance 
management strategies on the length of the emergence phase. This 
is important because it is possible that a different set of resistance 
management strategies is effective in the emergence phase 
compared with the resistance management strategies that are 
effective in the selection phase. 
Studying the emergence phase in field populations will be 
extremely difficult and may be impossible in practice. There is 
however a range of lab studies looking into the development of 
mutants under UV treatment. This type of treatment can possibly 
be adapted to study the emergence phase for a range of fungicide 
treatment methods. Also, microcosm studies in glasshouses may 
be feasible. Due to the difficulties of field experimentation 
modeling studies, mimicking field conditions will be a key tool. 
Several authors have studied simple stochastic models for the 
emergence of escape mutants (32,50,51) and have shown the 
effect of the pathogen’s life-cycle parameters on the emergence of 
new pathogen strains. The models do not however lend them-
selves to quantification of the effect of fungicide spray programs 
on the emergence of fungicide resistance due to their abstract 
nature, not including key drivers such as seasonality in host 
TABLE 2 
The effective life of mixtures of the at-risk fungicide (azoxistrobin)  
in a range of mixtures with chlorothalonil and a hypothetical fungicide with a lower efficacy (Figure 2)a 
 
Dose of  
mixing partner 
Mixing partner is chlorothalonil Mixing partner with a lower efficacy 
Dose of at-risk 
25% 
Dose of at-risk 
50% 
Dose of at-risk 
100% 
Dose of at-risk 
25% 
Dose of at-risk 
50% 
Dose of at-risk 
100% 
0 6 5 5 6 5 5 
20 9 8 7 7 7 6 
40 11 9 8 8 7 6 
60 12 10 9 8 7 6 
80 13 11 9 8 8 7 
100 13 11 9 8 8 7 
a The calculations were done with the model of van den Berg et al. (60) parameterized for Mycosphaerella graminicola on wheat. The effective 
life is measured in units of years. 
TABLE 1 
The selection coefficient for resistance to the at-risk fungicide (azoxistrobin)  
in a range of mixtures with chlorothalonil and a hypothetical fungicide with a lower efficacy (Figure 2)a 
 
Dose of  
mixing partner 
Mixing partner is chlorothalonil Mixing partner with a lower efficacy 
Dose of at-risk 
25% 
Dose of at-risk 
50% 
Dose of at-risk 
100% 
Dose of at-risk 
25% 
Dose of at-risk 
50% 
Dose of at-risk 
100% 
0 0.70 0.84 0.96 0.68 0.84 0.96 
20 0.50 0.61 0.72 0.55 0.71 0.82 
40 0.45 0.55 0.65 0.53 0.68 0.79 
60 0.42 0.52 0.62 0.52 0.66 0.77 
80 0.41 0.50 0.61 0.51 0.64 0.75 
100 0.41 0.49 0.59 0.51 0.64 0.75 
a The calculations were done with the model of van den Berg et al. (60) parameterized for Mycosphaerella graminicola on wheat. Exponential 
curves were fitted to the resistance frequency at harvest, and the parameter is the selection coefficient in units of per year. 
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density, and the fact the selection pressure (the fungicide) is not 
constant through time. We have shown that such drivers have 
strong effects on the outcome of selection processes (25–27,61). 
There is currently only one modeling study looking into the 
emergence phase of fungicide resistance (28). The model was 
derived from the models of Hobbelen et al. (25–27) as discussed 
above by representing the dynamics of the resistant strain by a 
stochastic event-driven model (6). The model was parameterized 
for M. graminicola on winter wheat (Triticum aestivum). Analysis 
of mixture treatment strategies with the model showed that adding 
a not-at-risk fungicide to an at-risk fungicide may, as in the 
selection phase, also be effective in prolonging the emergence 
phase in the evolution of resistance to high-risk fungicides. 
It is not possible to come to general conclusions about 
resistance management in the emergence phase of fungicide resis-
tance evolution on the basis of one modeling study. Further work 
is needed in this area. 
DISCUSSION 
The experimental and theoretical evidence on the use of 
mixtures as a fungicide resistance management tactic leads to the 
following conclusions. 
Conclusion 1. Adding a mixing partner to an at-risk fungicide 
(without lowering the dose of the at-risk fungicide) reduces the 
rate of selection for fungicide resistance. This holds for the use of 
multi-site as well as for the use of single-site fungicide as the 
mixing partner. A first model study suggests that the reduction of 
selection for resistance results in an increase of the effective life 
of an at-risk fungicide which is large enough to be of practical 
relevance. All existing evidence suggests that the larger the dose 
of the mixing partner the larger the reduction in selection and the 
larger the increase in effective life of the at-risk fungicide. A 
mixing partner fungicide with a lower efficacy will give a smaller 
reduction in selection rate. 
Conclusion 2. Adding a mixing partner to an at-risk fungicide 
as well as lowering the dose of the at-risk fungicide also reduces 
the selection for fungicide resistance. The very few studies 
existing suggest that the reduction in selection is more sensitive to 
lowering the dose of the at-risk fungicide than to increasing the 
dose of the mixing partner. Several experimental as well as 
modeling studies show that it is possible to lower the dose of the 
at-risk fungicide without compromising effective disease control. 
However, effective disease control is a critical parameter that 
needs to be rigorously established when developing fungicide 
mixtures. 
Conclusion 3. Although there is little evidence about the 
usefulness of mixing two at-risk fungicides as a resistance 
management tactic, the evidence suggests that mixing two at-risk 
fungicides, without intrinsic positive cross-resistance, is a useful 
resistance management tactic. 
However. Most of the evidence available on mixtures to date 
relates to the selection for resistance of a fungicide to which a 
considerable resistance develops in one single (mutation) step, in 
mixture with a fungicide to which no resistance is developing, or 
at least the resistance development of the mixing partner is not 
considered. The review made clear that for this situation mixing is 
a useful resistance management tactic. This is, however, just a 
subset of the practically relevant cases of fungicide resistance 
development. We have discussed the mixture of two fungicides to 
both of which resistance is developing as a practically important 
and clearly different example that has received virtually no 
FIGURE 3 
The infection efficiency of the four pathogen strains 
as a function of fungicide dose. The AS,BS strain is 
sensitive to both fungicide A and B, the AS,BR strain 
is sensitive to fungicide A and resistant to fungicide 
B, the AR,BS strain is resistant to fungicide A and 
sensitive to fungicide B, and the AR,BR strain is 
resistant to both fungicide A and B. 
 
BOX 3 
Mixtures of two at-risk fungicides and the dose rate
debate. In this box we consider an exceptional case where a
high dose of two at-risk fungicides may be required to reduce
selection for resistance in a haploid sexual pathogen species. In
our previous work we have shown that the vast majority of the
evidence suggests that for plant pathogens high dosage leads
to high rates of selection (64), but that there are several
mechanisms not well investigated. This box adds another
possible exception that is in need of further research. 
Consider a haploid pathogen species and two at-risk 
fungicides, A and B, to which high levels of resistance can 
develop through by a mutation in the genome. There is a gene
with alleles making the pathogen sensitive, AS, and resistant,
AR, to fungicide A. There is another gene with alleles making
the pathogen sensitive, BS, and resistant, BR, to fungicide B.
Now consider the use of a, say 50:50 mixture of fungicides A
and B. The dose of this mixture is plotted on the x-axis in Figure 
3. On the y-axis is the infection efficiency of the pathogen with
dose response lines for each of the possible genotypes. When
the pathogen is sexually reproducing and the frequency of both
the resistance alleles is small, most resistance alleles will be in
pathogen individuals that are sensitive to the other fungicide.
This is because any individual with genotype ARBR that appears
in the population will almost certainly mate an ASBS individual 
because individuals with this genotype make up the vast
majority of the pathogen population, and produce genotypes
with one resistance allele combined with sensitivity to the other 
fungicide. Just as in the case of diploid sexual insects, as we
discussed in van den Bosch et al. (64), higher dosages of the
mixture may remove more resistance alleles from the pathogen
population. Thus, delaying the development of individuals with a 
resistance allele for both fungicides. 
We note here again that this is speculation and there is no
existing evidence for this situation. The case of sexually
reproducing pathogen species to which mixtures of two at-risk 
fungicides are used is in need of further work. Moreover, fungi 
are capable of asexual recombination and this may affect the
dynamics of resistance genes as well. 
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attention. Moreover, many pathogens develop resistance to fungi-
cides through a sequence of small steps (sequence of mutations) 
each adding to (or occasionally detracting from (19)) the resis-
tance. The evolution of azole resistance is a key example for 
which there is inadequate published evidence on mixture effects. 
There are a number of examples in Botrytis cinerea in which 
resistance has been attributed to the overexpression of efflux 
pumps (23,36,45). This is analogous to many causes of resistance 
to herbicides (10) and to clinical antibiotics (1). The current status 
of resistance in Botrytis has recently been reviewed. The impact 
of efflux pump mutations on the management of resistance to two 
or more fungicides that are susceptible to resistance by this 
mechanism has not been modeled and little or no data are 
available currently on which to test such a model. The contrasting 
impacts of efflux pump-mediated cross resistance coupled with 
potential fitness penalties needs further study. Hence, we caution 
that our conclusions should not be overinterpreted as they do not 
cover all possible relevant cases. 
Conclusions 1 to 3 are generally well supported by evidence, 
but nevertheless are accompanied by some caveats. Results of 
experiments where no difference between treatments are measured 
have a smaller chance of being published than results of experi-
ments where a difference is found. This may cause the effec-
tiveness of mixing as resistance management method to be 
overestimated. Further, most of the experimental evidence relates 
to polycyclic pathogens and foliar-applied fungicides. In Box 2 
we described a possible difference between monocyclic and 
polycyclic pathogens, but no evidence exists as yet. A final aspect 
is that all experimental evidence relates to cases where a single 
mutation (or other genetic change) confers a high level of resis-
tance. Slow-shifting resistance is grossly absent from the mixtures 
literature. As also concluded in van den Bosch et al. (63), 
“Industry and regulatory decisions about fungicide resistance 
management often cannot wait for the accumulation of new evi-
dence, so decisions should be taken by weighing the existing 
evidence and making judgments about the consequences should 
decisions prove to be wrong. With this review we hope to make a 
contribution towards such evidence-based resistance man-
agement.’’ 
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